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The film photoanodes based on CdSe and NT-TiO2/CdSe have been formed by the electrochemical 
and painting methods. It is shown that the introduction of graphene oxide into the structure of the 
semiconductor CdSe film promotes absorption of light and leads to improvement in their 
characteristics by 25-30 %. The compatibility of the cathode based on composite of hydrogen-
sorbing intermetallic alloys LaNi4.5Mn0.5 + LaNi3.5Al0.7Mn0.8 with current-conductive additives in 
pair with the CdSe photoanode is shown. It was found that 95 – 98 % of the total current generated 
under the influence of sunlight at the anodes was used on the formation and accumulation of 
hydrogen by cathodes.  
________________________________________________________________________________ 
Introduction 
One of the promising ways of obtaining 
hydrogen is the photoelectrochemical (PEC) 
decomposition of water under the influence of 
sunlight. Hydrogen produced by the PEC 
method is very pure and does not require 
additional purification for its use. The high 
voltage required for the decomposition of water 
(1.23 V) together with the overvoltage at the 
electrodes (~ 1 V) necessitates the use of 
photoanodes with a band gap close to 2.5 eV, 
but such semiconductors, even theoretically, 
cannot provide the necessary efficiency of 
photoconversion because they use a small 
(about 4 %) area of sunlight. The use of 
semiconductors with a band gap of 1.3-1.7 eV, 
which absorbs visible light, theoretically allows  
several-foid increase in the efficiency of 
conversion of solar energy into chemical energy 
of hydrogen. To improve the efficiency of the 
production of "solar" hydrogen from water 
using semiconductor electrodes, two-layer and 
multilayer heterostructures and composites can 
be used. For this purpose it is possible to use a 
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tandem of semiconductor photoelectrodes, 
which have different band gaps and variable 
semiconductor structures, as well as metal 
oxides modified by doping them with both 
metallic, and nonmetallic additives, etc. [1-3]. 
The possibility of using hydrogen 
sorbing cathodes (metal hydrides (MH)) instead 
of expensive metals of the Pt group to obtain 
and accumulate "solar" hydrogen in a 
photoelectrochemical system was considered in 
[4, 5], but the process of hydrogen storage was 
ineffective due to the use of wide-band 
photoanodes. Photoelectrochemical systems in 
which it is possible to use semiconductor anodes 
sensitive to the visible spectrum of sunlight [6] 
and cathodes that efficiently absorb hydrogen 
are some of the promising directions in creating 
systems for the production and accumulation of 
"solar" hydrogen. 
AIIBVI compound based semiconductor 
electrodes were chosen as the object of research, 
nanocomposites and heterostructures were 
developed on their basis with reduced graphene 
oxide as well as АВ5 - type (LaNi5 - based) 
hydrogen - sorbing alloys for the PEC system 
for hydrogen production. 
  
Experimental  
The TiO2 (NT-TiO2) nanotubes on a Ti 
substrate were obtained by the potentiostatic 
anodic polarization of a titanium foil in an 
electrolyte containing 70 % of glycerol, 30 % of 
water and 1.5 wt % of NH4F. The titanium foil 
was previously degreased in acetone. The 
process was carried out at 30 V for 1 hour, 
followed by annealing at 500 °C for 3 hours [7].  
CdSe films were obtained by the 
painting method on a previously prepared Ti 
substrate with a surface area of 2.7 cm2. The 
following suspension was prepared for the 
deposition: 0.5 g of an aqueous solution of 
polyethylene glycol (1 % by weight) was added 
to 1 g of CdSe and 0.25 g of CdCl2 for the A1-
A3 photoanodes. The initial CdSe powder was 
milled in a ball mill with agate balls for 32 
hours and then treated for 2 hours with an 
ultrasonic disperser UD-11 (Techpan, Poland): 
at an oscillator frequency of 22 kHz and a 
power of 100 watts. To increase the 
photocatalytic activity of semiconductor films, 
0.19 - 2.42 wt. %. of graphene oxide (relative to 
the mass of CdSe) (A4 photoanode) was added 
to the CdSe suspension. Graphene oxide (GO) 
was synthesized by the oxidative destruction of 
multiwalled carbon nanotubes using the 
modified Hammers method. The method of 
producing GO was described in [8, 9]. The films 
of CdSe were applied in 2 layers. Each layer 
was annealed in an air atmosphere at 535 °C for 
30 minutes. According to literature, at this 
temperature, it is also possible to partially 
reduce graphene oxide by  decarboxylation [10]. 
After that, the surface was activated in an 
aqueous solution of 0.5 M CrO3 for 45 seconds 
at room temperature and washed in distilled 
water. 
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The counter-electrodes for the photo-
accumulators were prepared by the several 
methods. The Cu2S electrode was prepared by 
the immersion of the (70 % Cu, 30 % Zn) in a 
polysulfide solution. The sulfidizing process can 
be accelerated by brass anodizing in a 
polysulphide solution. The presence of zinc in 
the alloy ensures the mechanical strength of the 
electrode, as pure copper in a polysulfide 
solution will rapidly degrade throughout the 
volume to form Cu2S. At the same time, the 
presence of zinc in the alloy during sulfidizing 
limits the interaction surface. The main part of 
the matrix is metallic zinc, which keeps Cu2S in 
the bulk. In addition to this method, the Cu2S 
electrode was prepared by dipping a copper-
plated stainless steel mesh in a polysulfide 
solution. Copper gradually corrodes, forming a 
layer of Cu2S. The CoS electrodes were 
prepared by pressing onto a nickel mesh CoS 
powder with conductive acetylene black with 
PTFE emulsion as a binder at a pressure of ~ 
150 kg cm-2. 
The cathode (C1) 8 mm in diameter and 
0.08 g in mass was produced by pressing a 
mixture of powders of hydrogen - sorbing alloy 
and copper in a 1:3 weight ratio onto a nickel 
mesh as current collector. The active part of the 
cathode was a mixture of powders of two 
hydrogen - sorbing alloys (LaNi4.5Mn0.5 + 
LaNi3.5Al0.7Mn0.8), taken in a 1:1 weight ratio. 
The study of electrochemical activation and 
sorption characteristics of cathodes was 
conducted with a computerized potentiostat-
halvanostat PGSTAT 4-16. The electrodes were 
activated in 3-5 cycles and showed a maximum 
discharge capacity of 280-300 mAh/g along 
with  good kinetics in the hydrogen back 
reactions [11]. The capacity of the cathodes 
used in the process was about 23 mAh, which is 
enough for several hours of work in together 
with the photoanode. The amount of hydrogen 
absorbed by the cathode during 
photoelectrochemical charge in the PEC cell 
was calculated from  discharge curves. 
A polymethylmethacrylate cell with the 
cathode and anode chambers separated by an 
ion-exchange membrane MF-4SK with a built-
in cathode chamber mercury-oxide reference 
electrode was used for the studies [12, 13]. The 
photoelectrodes were placed in the anode 
chamber filled with an alkaline solution of 
sulphide (1M KOH + 1M Na2S) or sodium 
polysulphide (1M KOH + 1M Na2S + 1M S). 
Sulfide electrolyte was used to exclude the 
effect of light absorption on the characteristics 
of photoelectrodes, and during the operation of 
photoelectrodes this solution was enriched with 
polysulfide ions [14]. The cathode chamber of 
the hydrogen - sorbing electrode was filled with 
a 30 % KOH solution (Figure 1). 
To track the displacement of the Sun and 
to achieve the maximum efficiency of solar 
cells, a sun tracker was used (Figure 1). 
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Figure 1. Photoelectrochemical equipment for hydrogen 
production. 
 
The tracker consists of two photoresistor 
sensors, a controller (Arduino), and a movable 
platform with a servo - drive. The 
photoelectrochemical cell is placed on the 
platform. The system automatically measures 
and records data using a USB - 2019 data 
logger, as well as a BM 251 digital multimeter. 
 
Results and discussion 
Under laboratory conditions, it was 
found that the formation of a TiO2 nanotube 
layer leads to an increase in the efficiency of 
charge carrier accumulation on NT-TiO2/CdSe 
electrodes due to an increase in the potential of 
flat bands, which determines the magnitude of 
the electric field at the surface of the 
semiconductor and affects the separation rate of 
photogenerated carriers, thereby reducing 
recombination in the space charge region [15]. 
The value of the dark cathode current measured 
on the resulting photoelectrodes in the 
polysulfide electrolyte did not exceed 5×10-6 
A/cm2. 
It has been established that the 
incorporation of reduced graphene oxide into  
NT-TiO2/CdSe composite promotes the 
absorption of light and leads to an improvement 
of its characteristics by 25-30 % due to a better 
separation of electron-hole pairs and, as a 
consequence to, a decrease in the loss of 
photogenerated charge carriers on 
recombination. The optimal amount of graphene 
oxide as a modifier is 1.16 % by mass, at which 
the maximum Vim was about 0.6 V and Isc was 
about 6 mA/cm2 [16]. 
The tests of photoanodes were conducted 
by different methods of forming a 
photosensitive semiconductor layer, which 
operates together with the MH cathode. 
In an open circuit in a sulfide solution, 
the potentials of the anodes A1 and A4 had 
values of -1.23 V and -1.24 V, for the cathodes 
in a 30 % solution of KOH, the potentials were 
about -0.91 ÷ -0.93 V. Under the conditions of 
stable solar illumination, the potentials of both 
electrodes reach relatively stable values. The 
anode A4 containing the GO operates together 
with the cathode in the region of the more 
negative potentials (-1.10 V) than the anode 
without the addition of GO (E = -1.08 V). When 
operating together  with the anode A4, the 
cathode is also charged in the region of more 
negative potentials. 
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When illuminated with solar light, the 
photonodes A1 - A3 generate currents, which 
remain stable at the constant light flux during 
operation in a PEC cell (Figure 2).  
Despite the same composition of photoanodes 
and close values of light flux intensity, the value 
of photocurrents is somewhat different and is 
about 3 - 4 mA. At the photoanode A4 under 
identical conditions, 25-30 % higner currents 
are generated (from 3.7 mA to 5.0 mA). It has 
been established that with increase in the 
number of painting layers of CdSe (3 layers), 
the magnitude of photocurrents and the nature 
of their change during cell operation do not 
practically change. Under laboratory conditions, 
it was found that on a composite anode 
consisting of an electrochemical layer and 2 
painting layers of CdSe, the photocurrent has 
the greatest value among all the studied 
samples. 
 
Figure 2. Time dependence of photocurrent under solar 
illumination, which is generated at different photoanodes 
(A1-A4), working together with the cathode C1 in a PEC 
cell. 
 
The influence of the composition of the 
solution (sulfide and sodium polysulphide) on 
the characteristics of the photoanodes A1 and 
A4 has been studied. From the obtained data it 
follows that the potentials of the anode with the 
addition of GO (A4) when operating in a PEC 
cell have the same value regardless of the 
composition of the solution (Figure 3). At the 
same time, when the anode A1 operates in a 
polysulphide solution, its potential is shifted to 
the anodic region. 
 
Figure 3. Variation of the potential E of the anodes A1 
(3, 2) and A4 (1, 4) as a functional of time t during 
operation together with the cathode C1 in a PEC cell in a 
solution of sulfide (1, 3) and sodium polysulphide (2, 4). 
 
Changes in currents generated at the 
anodes A1 and A4 under illumination by 
sunlight when working in solutions of sulfide 
and sodium polysulphide are shown in Figure 
4. It is seen that during the operation of the 
photoanode A4 in a polysulfide solution, the 
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photocurrent decreases from 4.8 mA to 2.93 
mA. 
 
Figure 4. Variation of the photocurrent I at the anodes 
A4 (1, 2) and A1 (3, 4) as a functional of time t during 
operation together with the cathode C1 in a PEC cell in a 
solution of sulfide (1, 3) and sodium polysulphide (2, 4). 
 
When the photoanode A1 operates in a 
polysulfide solution, stable photocurrents are 
generated, but they are ~3 times lower (~ 1 mA) 
than in a solution of sodium sulfide.  
Similar te sts were carried out on 
photoanodes with an area of about 20 cm2. It 
has been established that in the same 
technologies for the production of CdSe layers 
with and without the addition of GO, light 
conversion is more efficient on electrodes with 
smaller area. 
The discharge of the cathode by a 
current of 4 mA after a charge in a PEC cell has 
shown that 90 % to 98 % of the current 
generated at the photoanode is used for the 
accumulation of hydrogen by the cathode. The 
overall efficiency of the PEC is limited only by 
the efficiency of the semiconductor photoanode. 
The results of the study of the PEC cell 
operation are given in Table 1. 
 
 
Table 1. Test data of the PEC cell for the hydrogen accumulation. 
Electrodes  Characteristics of PEC cell Light power**,  
mW / cm2 
 
Ratio 
San/Scath 
Photo- 
current*, mА 
Current density,  
mA / cm2 
 
anode cathode anode cathode 
 
 
A1 C1 2.7 4.2 1.400 4.2 
 
 
79.2 
A2 3.7 1.233 3.7 
 
76.0 
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* maximum current magnitude. 
**  solar flux intensity, which corresponds to the maximum value of photocurrent. 
 
Conclusions 
Using the electrochemical and painting methods 
with subseqnent annealing, photosensitive film 
photoanodes based on CdSe and NT-TiO2/CdSe 
have been formed. It has been established that 
the introduction of graphene oxide into the 
structure of semiconductor CdSe film leads to 
an improvement of its characteristics by 25-30 
%. 
It has been shown that the composite 
cathode based on hydrogen-sorbing 
intermetallic alloys 
LaNi4.5Mn0.5+LaNi3.5Al0.7Mn0.8 with current-
conducting additives is compatible with the 
CdSe photoanode. It has been established that 
on cathode materials at currents of ≤ 5 mA/cm2, 
negative potentials relative to the equilibrium 
potential of hydride formation occur. It has been 
found that 95-98 % of the current generated by 
sunlight at anodes is spent on the formation and 
accumulation of hydrogen on cathodes. 
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